ABSTRACT How to evaluate negative effects of automotive parts on environment in life cycle and select optimal sustainable material are intricate issues. A multi-criteria decision making model combining Techniques for Order Preference by Similarity to an Ideal Solution (TOPSIS) and Information Entropy Method (IEM) for material selection considering life cycle assessment (LCA) method is proposed. This paper starts from establishing LCA technical framework and determining five environmental evaluation criteria. TOPSIS is utilized to rank materials and IEM is employed to assign criteria weights. Then, an automotive door outer panel is taken as an example to select the optimal material from 16 candidates utilizing proposed method. Here, the environmental equivalents of life cycle are calculated by GaBi software from acquisition of raw materials, manufacturing, using to end-of-life. In comparisons with the results of only considering environmental criteria and traditional evaluation criteria, it indicates that LCA is essential for material selection. Therefore, the environmental criteria, materials' properties, manufacturing techniques, and durability properties are all considered to select the optimal candidate for obtaining parts with superior performance and less environmental impacts. Finally, the ranking results are obtained. Moreover, the sensitivity analysis is executed to prove that the IEM-TOPSIS method has outstanding robustness.
I. INTRODUCTION
In the world with inadequate resources and environmental crisis, a more sustainable life style will be vital and sustainability has gained public recognitions [1] , [2] . The notion of sustainable development appeared as a response to the negative social as well as environmental impacts of the unbridled economic development. As one of major contributors, automotive industry contributes significantly to consuming energy resources and damaging environment. To meet the requirements of sustainable idea, there exist three means of achieving automotive lightweight including structural optimization, lightweight materials' application and advanced manufacturing technologies. Particularly for sustainable lightweight materials, the key role of materials during engineering design has been well recognized [3] , [4] as most appropriate means to decrease emissions and increase fuel efficiency. Sustainable material is a kind of materials that aim to satisfy human needs while have minimal effects on the environment not only in the present, but in the indefinite future [5] . The other factors, which influence material selection to a great extent, are the cost and performance concerns such as strength and durability. Integration of all these factors (i.e., environment, economy and performance) provides an overall picture of a material and thus helps in selecting suitable materials for automotive industry.
Choice of an appropriate material for a particular product is one of the important tasks for engineers. There is a vast array of materials with diverse properties to satisfy various design requirements and specific functionalities in order to find feasible design concepts and fulfill the requirements of products. Up to now, a wealth of pioneering work on material selection have been promoted [6] - [9] . The Ashby approach [10] , [11] and CES software [12] developed by the British Ashby team has been regarded as one of the most widespread material selection methods for engineering materials, it has been successfully applied in a variety of engineering fields such as aerospace, automobile, medicine and electronics. The advantages of Ashby method are to provide a simple and quick way of evaluating whether this material is suitable for the case and present a more systematic and unbiased result. The core of this method is to deduce the property limit and maximum material efficiency based on the requirements of component, and then the optimum material that satisfies the constraints and objectives of material selection can be obtained utilizing chart screening method. While the method cannot solve the problem with more than three criteria simultaneously. In addition, the derivation of material efficiency is sometimes difficult to be carried out. For example, the requirements for coating performance and environmental impacts of components are difficult to be expressed by specific quantitative formulas. While the performance requirements of components for materials are manifold, and MCDM for material choice is established to address the above problem in this paper. Mayyas et al. [13] presented a multi-attribute decision making tool to conduct material selection for vehicular structures and results indicated that different grades of steel gained the first ranks in the selection process for most of Body-in-White panels. R. Khorshidi et al. utilized MCDM approach for comparative analysis between TOPSIS and PSI methods of material selection to achieve a desirable combination of strength and workability in al/sic composites [14] .
However, most researches consider single criterion such as lightweight, economy, and properties. Less attentions are paid on environmental performance in life cycle of products. As a kind of environment management methods, LCA method is a method for assessing environmental impacts of a product during its entire life cycle, ranging from acquisition of raw materials, manufacturing phase, using phase to end-of-life phase [15] . LCA is composed of four steps including determination of goal and scope, inventory analysis, impact assessment, and interpretation of results. Multi-material selection using LCA can be considered as a MCDM problem, many researchers have been preoccupied by classical MCDM methods for material selection, such as analytic hierarchy process (AHP) method [16] , simple additive weighted (SAW) method [17] , TOPSIS [18] , complex proportional assessment (COPRAS), elimination and choice translating reality (ELECTRE) [19] , weighted product method (WPM), Vlse Kriterijumska Optimizacija Kompromisno Resenje (VIKOR) method, graph theory and matrix representation approach (GTMA), preference selection index (PSI) etc [20] - [22] .
Although above-mentioned methods have been discussed to address MCDM issues, there exit some main disadvantages that need to be illuminated. Needless to say, each method has its strong points and weak points and we cannot infer that one MCDM technique is generally the best. Numerous works have pointed out that TOPSIS, ELECTRE, and AHP are the most widespread MCDM techniques in material selection area. Unfortunately, AHP and ELECTRE are both intricate in nature and need the high interpretation of decision maker in the pairwise assessment [23] - [26] . AHP is a decision making method, which inevitably influenced by more subjective factors. When there are many alternatives, the pairwise comparison approach done by AHP is clearly infeasible. Besides, AHP calculation needs consistency judgment, it cannot be employed if the requirements of Consistency Index are not satisfied [23] . ELECTRE only provides the rank of each alternative and cannot determine numerical scores for more understandings among the alternatives. TOPSIS is one of the most application MCDM techniques. TOPSIS method is very useful for qualitative and quantitative data. Also this technique allows benefit and cost factors to be included with one operation easily. Furthermore, due to transparent and rational framework as well as ease to execution, TOPSIS has been effectively and fruitfully employed to a wide range of multi-material and multi-attribute problems [27] , [28] . Hence, TOPSIS is utilized to seek for the optimal candidate in this context. However, calculation results of TOPSIS are closely related with the allocation of weights, unreasonable determination of attributes' weights will result in unsatisfying evaluation results. A wealth of studies have been conducted on determining the weights of attributes. P.A. [29] compared the properties and performance of three weight elicitation methods. Deng et al. [30] proposed an approach for estimating attribute weight, and the weights are estimated based on the preference given by the decision-maker and represented as intervals. All these assessment methods are equipped with subjective characteristics and without solid theory foundation, which will lead to inaccurate evaluation results as decision-maker is subjected to abundant knowledge.
Compared with other subjective methods, IEM is equipped with strong points of higher accuracy and more superior objectivity, which can make a more comprehensive interpretation on the results. Most worthy of mention is that IEM is suitable for all the processes requiring weight determination. Therefore, IEM is used to determine weights of various criteria and provide supports for MCDM herein [31] .
However, rank reversal phenomenon may occur in TOPSIS method but also in other frequently used MCDM methods including ELECTRE, PROMETHEE, AHP, SAW, DEA, ANP, and GRA (Grey Relational Analysis) [32] - [35] . According to Zanakis et al. [36] , TOPSIS experiences the fewest rank reversals compared to the several MCDM methods such as ELECTRE and various version of AHP. Rank reversal is a very famous issue of MCDM techniques consisting in an inversion in the rank of alternatives when an alternative is removed or a new alternative is added. The discussion about rank reversal problem is still active and more studies are needed to solve this question [37] . As mentioned in [38] , two factors can generate rank reversal in TOPSIS: the normalization procedure and the choice of the negative ideal as well as the positive ideal solutions. As the number of alternatives changes, the changes of normalized decision matrix and ideal solution may exceed a certain value, leading to the occurrence of rank reversal problem. The pioneering work [36] has revealed that the number of candidates has important effects on the happening of rank reversal in TOPSIS, it can VOLUME 6, 2018 effectively reduce the possibility of rank reversal when the candidates have wider coverage. Hence, the number of alternatives should be large enough to avoid rank reversal phenomenon in TOPSIS method. As for materials selection of automotive parts, candidates should be included but not limited to metal materials, non-metallic materials and composites, which prevent from the sensitivity of optimal result to criteria and occurrence of rank reversal as alternatives are added or removed. Meanwhile, following the computation process with the adoption of IEM-TOPSIS method, sensitivity analysis is carried out to analyze the sensitivity of result to each criterion. If the optimal result is less sensitive to the criteria, the result is equipped with high accuracy.
In summary, in order to handle the inadequacies of traditional approaches for materials selection and achieve the optimal candidate for obtaining parts with superior performance and less environmental impacts, the combination of environmental criteria and common properties of parts are regarded as evaluation criteria. Consequently, optimal sustainable materials selection can be considered as an MCDM issue, TOPSIS is utilized to rank materials and IEM is employed to assign criteria weights herein. This paper establishes LCA technical framework and IEM-TOPSIS algorithm, then automotive door outer panel is taken as an example to achieve the optimal material from 16 candidates including metal materials, non-metallic materials and composites utilizing proposed method. In comparisons with the results of only considering environmental criteria and traditional evaluation criteria, it indicates that LCA is essential for material selection. Hence, the combination of environmental criteria, materials' properties, manufacturing techniques and durability properties are regarded as evaluation criteria to acquire high performance and environmentally friendly material. Finally, a sensitivity analysis consisting of 17 experiments is conducted to monitor the sensitivity of ranking results to criteria. The results show that IEM-TOPSIS method has outstanding robustness and the optimal results are equipped with high accuracy.
II. THE PROPOSED LCA TECHNICAL PROCESS
Based on the ISO 14040 [15] and 14044 [39] standards, LCA method is defined as a systematic and objective evaluation method. As the most effective environmental manager, it has been widely used in various aspects. For achieving sustainable developments, sustainable design is an essential issue and environmental factors should be considered and regarded as evaluation criteria at the beginning of vehicle design process. LCA technical framework is exhibited in Fig. 1 .
As seen from Fig. 1 , LCA is carried out in four correlated phases. It begins with an explicit statement of the goal and scope, which sets out the context of the study and explains how and to whom the results are to be communicated. This is a key step and defines the purposes and system boundaries. Take automotive door outer panel as an example, the goal is to study the influence of door outer-panel with various materials on environment through whole life cycle. The scope is to define door outer-panel as research object, and just consider environmental impacts in related life cycle phases. The second-step involves creating an inventory of flows from and to nature for a product system. Inventory flows include inputs of energy, raw materials, and releases to air, land, and water. To develop the inventory, a flow model of the technical system is constructed. The flow model is typically illustrated with a flow chart that includes the activities that are going to be assessed in the relevant supply chain and gives a clear picture of technical system boundaries. The input and output data are collected for constructing the model.
Briefly, the inventory analysis means that related data are collected and calculated to quantify the material and energy inputs and outputs for product system. Then the third-step FIGURE 1. LCA technical framework. impact assessment aims to evaluate the significance of potential environmental impacts based on the flow results, it consists of the following mandatory elements [40] : selection of impact categories, category indicators and characterization models. Finally, interpretation of results is a systematic technique to identify, quantify, check, and evaluate information from inventory analysis and life cycle impact assessment. Fig. 2 illustrates the whole system of LCA.
It can be seen from Fig. 2 that dimensionless needs to be carried out in order to make reasonable comparisons and seek for proper sustainable material. For alternatives' selection is a most complex and challenging work for designers, it is necessary to put forward an efficient approach to solve the MCDM issue. For TOPSIS method can not only be utilized in evaluations with fewer samples but also in assessment with multi-index large samples owing to its flexibility, simple calculation and quantized and intuitionistic results. Thus, TOPSIS is utilized to seek for the best and worst sustainable materials from the alternatives. However, calculation results of TOPSIS are closely related with the allocation of weights, unreasonable determination of attribute weights will result in unsatisfying evaluation results. IEM is a kind of objective weight methods. According to the variation degree of each criterion, it can be better integrated with TOPSIS to obtain objective and reasonable ranking of materials with simple calculation.
III. PROPOSED COMPREHENSIVE MCDM MODEL COMBINING IEM-TOPSIS
In this section, a novel systematic hierarchical flowchart for sustainable material selection in light of environmental evaluation criteria is put forward based on LCA. Additionally, a hybrid evaluation approach, IEM-TOPSIS, is employed to obtain the optimal candidate from a wider range of alternatives. The following describe TOPSIS and IEM methods respectively, and their combination is also explained.
A. TOPSIS APPROACH
TOPSIS attains a solution which is closest to the hypothetically best and is farthest from the hypothetically worst.
It is created on selecting the best choice having the shortest Euclidean distance to the positive ideal solution (PIS) and the farthest Euclidean distance from the negative ideal solution (NIS), respectively. PIS is the set of optimal values for all evaluation criteria. NIS is the set of worst values for all evaluation criteria [34] . For instance, evaluation criteria like strength and stiffness, the larger the attribute value is, the better the candidate gets. While evaluation criteria like environmental criteria, Cost and Density, the smaller the attribute value reaches, the better the candidate is.
TOPSIS assumes that each attribute is monotonically increasing or decreasing. The order of alternatives is yielded through comparing the Euclidean distances. The specific procedures are listed as follows.
Step 1: Construct decision matrix X .
Here, X ij stands for the value of evaluation alternative A i to evaluation criteria C j , W j is the weight of C j , and satisfies
Step 2: Normalize the decision matrix. It can be seen from decision matrix that criteria values are possessed with various units. In order to eliminate the influences of different units, orders of magnitude and criteria on decision making, the original data should be transformed into comparable values using dimensionless procedure, which is also called as normalization. Based on the pioneering work, there are a variety of normalization methods [41] including vector normalization method, linear max-min normalization method and linear-ratio-based normalization method etc. Among these, vector normalization method is a more effective and stable approach to solve MCDM problem with different scales and various attribute value ranges [42] . Most importantly, vector normalization method can keep data proportional. This will be vital important for acquiring criteria weights using IEM and further normalization in the following discussion. Therefore, vector normalization method will be utilized to conduct dimensionless in the present work. Vector normalization method will make the length of each evaluation criterion vector be 1, which is quite suitable for the calculations of Euclidean distances.
Thus, normalization of decision matrix X ij is expressed,
Step 6: Compute the weighted normalized matrix B ij .
Step 7: Determination of PIS B + and NIS B − .
Among this, profit type means that the larger the attribute value is, the better the material is. While, cost type represents that the smaller the attribute value reaches, the better the material is, such as five environmental criteria, cost, density discussed in this study. Profit type and cost type are opposite.
Step 8: Calculate the Euclidean distances from PIS and NIS.
Step 9: Calculate relative closeness to the ideal solution.
Step 10: Ranking of the alternatives and sorting by the value C * i in decreasing order.
B. IEM APPROACH
The concept of entropy was firstly introduced into information theory to measure information uncertainty by Claude Elwood Shannon [43] . IEM borrows the characteristics of information entropy and utilizes the variation degrees of evaluation criteria to measure corresponding weights in evaluation system. The larger the degree of variation is, the more information the criterion possesses and the larger the criterion weight reaches. In this way more objective weights be obtained [44] . The rationale of entropy analysis is described as:
Step 3: Calculate the proportion P ij for each criterion.
Where, P ij stands for the value of the i for spatial position j.
If there exist an X ij = 0, the equation (9) can be transformed into the equation (10) so that P ij will not be equal to 0, which can prevent equation (11) from being unreasonable.
Step 4: Compute information entropy value e j of jth criterion.
Among which, K = 1 ln n .
Step 5: Acquire entropy weight W j of jth criterion.
IEM can be combined with subjective weight determination methods, such as expert scoring method. The evaluator can present the weight coefficient α j based on different emphasis on the weight, and comprehensive weight values W j can be obtained. Here, comprehensive weight method will not be employed in order to ensure the objectivity of criteria weights.
Based on above TOPSIS and IEM methods, they are combined in consideration of LCA, a novel systematic hierarchical flowchart for sustainable material selection considering environmental evaluation criteria is put forward in Fig. 3 .
IV. CASES STUDY
Based on the proposed IEM-TOPSIS method considering LCA, one example related with automotive panel is presented herein.
Automotive industry is a key factor to result in more consumptions of resources and emissions of pollutant. Thus automotive panel is chosen as research object due to its outstanding lightweight space. Door outer-panel, a typical automotive panel, stands for sheets with simple shape and transition. How to make a comprehensive understanding on the negative effects of door outer-panel on environment and select the optimal material has become an urgent issue to be resolved.
Commonly utilized lightweight materials in automotive panels cover high-strength steel, aluminum alloy, magnesium alloy, engineering plastics and composites. In this study, 16 . Then, the proposed comprehensive MCDM model can be utilized to rank and achieve the optimum material.
In order to obtain environmental potentials, life cycle flow chart is established in GaBi software. GaBi is one of the world's leading LCA modelling and reporting softwares, content databases with intuitive data collection and reporting tools [45] . It was developed by IKP institute in Stuttgart, Germany and be utilized to assess every raw material and process in each phase from extraction to end-of-life. In addition, CES Selector [46] is also a tool for material selection and graphical analysis of material properties, which can provide databases for LCA and utilized to assess environmental impacts of materials. GaBi software is adopted to conduct LCA of automotive door outer panel herein.
There exist differences in life cycle flow charts among metallic materials and non-metallic materials. As a representative of metallic materials, ULC BH steel 180 material is utilized to set up life cycle flow chart of door outer panel, all the input and output data related with energy and resources are collected through a series of means including literature review, questionnaire survey and simulation analysis [47] - [50] . Among this, due to the limitations of data acquisition of single door outer-panel, part of data such as galvanization inventory data cannot be obtained directly. But the data of whole door or auto-body can be acquired, then the data of single door outer-panel can be determined by mass ratio or area ratio. As painting process is an essential step and environmental impacts of door outer-panel with the 16 candidates have little difference in painting process, the painting process will not be considered.
To prevent corrosion, galvanization technology is necessary for the candidates from A1 to A6. While the other proposed metallic materials are either with high resistance to corrosion or easily passivated, non-metallic materials are not needed to be galvanized. Similar to ULC BH steel 180, SW280A GFRP, a typical non-metallic material, is also discussed. The corresponding life cycle flow charts of door outer-panel with ULC BH steel 180 and SW280A GFRP are exhibited in Fig. 4 and Fig. 5 accordingly.
Analyses are conducted in GaBi software after establishing life cycle flow chart, evaluation criteria and equivalents are considered during the process of computation, as illustrated in Table 1 , GWP corresponds to CO 2 -Equivalent, AP corresponds to SO 2 -Equivalent, EP corresponds to PhosphateEquivalent, ODP corresponds to R11-Equivalent, and ADP corresponds to energy consumption [15] . In addition, calculation diagram of data classification and characterization are explained in Fig. 6 .
According to ISO 14040, the Characterization factors in Fig. 6 are obtained. All of CO 2 , CH 4 and CO contribute greatly to GWP, CO 2 is regarded as Equivalent. The corresponding characterization factors of CH 4 and CO are 25 and 3, respectively. 25 expresses that the impacts of 1kg CH 4 on GWP is 25 times that of 1kg CO 2 . Correspondingly, 3 represents contributions of 1kg CO to GWP, 3 times greater than that of 1kg CO 2 . Eventually, the emissions that contribute to GWP are all converted into CO 2 equivalents, 160.3kg CO 2 equivalents in total. The concepts of classification and characterization apply to other environmental evaluation criteria discussed in this study.
Through the computation, environmental potentials of door outer-panel with ULC BH steel 180 material and SW280A GFRP are obtained in Table 2 . Similarly, environmental potentials of door outer-panel with other candidates are also acquired in Table 3 .
Data in Table 3 is decision matrix X , owing to different units of environmental potentials, the comparisons cannot be executed directly. According to Fig. 3 , normalization of the decision matrix is carried out. 
Substitute normalized decision matrix into the IEM method, then the entropy weights of evaluation criteria are obtained. 
Then, substitute entropy weights and normalized decision matrix into TOPSIS method, relative closeness to the ideal solution and the ranking of candidates are determined in Table 4 .
As shown in Table 4 , the Magnesium Alloy AZ61 is the best sustainable material for automotive door outer-panel only in consideration of environmental criteria. Magnesium Alloy AZ61 possesses the following three characteristics. Firstly, manufacturing process is simple, energy consumption and pollutant discharge are less during manufacturing process. Secondly, it is lighter with the result of lower fuel consumption during using phase. Thirdly, it has high recovery and simple recycling process. Therefore, in comparisions with other candidates, Magnesium Alloy AZ61 presents superior advantages including lower energy consumption, fewer emissions and more environmental friendliness under the condition of environmental criteria.
Nowadays, most researchers and manufacturers mainly take the following evaluation criteria into consideration: materials' properties including hardness, density, elastic modulus, yield strength, tensile strength, impact strength, temperature-resistance and cost, manufacturing techniques including formability, riveting and coating, durability properties including fatigue strength, which are symbolled by C 6 , C 7 , C 8 , C 9 , C 10 , C 11 , C 12 , C 13 , C 14 , C 15 , C 16 and C 17 respectively.
Data of materials' properties can be acquired by querying material database or manual data [51] - [55] . For door outerpanel, connectivity refers to riveting performance, which can be obtained by referring to relevant literature [56] , [57] . Coating performance of the candidates mainly refers to the research [58] .
Based on the collected data, the decision matrix of door outer-panel in consideration of common properties without environmental criteria is set up in Table 5 . Then, criteria weights matrix are obtained in equation (16) and the ranking is achieved in Table 6 . As shown in Table 6 , the Martensitic Steel AISI410 ranks the first and becomes the optimal material for automotive door outer-panel only considering common properties. It mainly attributes to higher strength and hardness of Martensitic Steel AISI410. Whereas, Martensitic Steel AISI410 exhibits poor performance in LCA, mainly because more resources and energy are consumed due to complex manufacturing processes. Only considering materials' properties, manufacturing techniques and durability properties will lead to worse environmental impacts during life cycle, thus LCA is vital essential for materials selection. Table 6 also transmits a signal that Magnesium Alloy AZ61 will not be chosen as the optimal material owing to its unsatisfying evaluation results, for Magnesium Alloy AZ61 has higher cost, worse formability performance and more limited experience of design and manufacturing compared with other materials.
This indicates that only considering environmental impacts is unreasonable. Therefore, evaluation criteria including environmental criteria, materials' properties, manufacturing techniques, durability and environmental factors are all considered simultaneously will seek for appropriate material using IEM-TOPSIS which satisfies requirements of performance and environmental friendliness.
The following will discuss the detailed evaluation in consideration of environmental criteria and common properties. Here, relative closenesses, which are shown in Table 6 and  Table 7 , are considered as decision matrix and substituted into above-mentioned IEM-TOPSIS method accordingly. Then the attribute weights of environmental criteria and common properties are obtained, 0.608721 and 0.391279, respectively. Finally, the ranking of candidates is exhibited in Table 7 in consideration of environmental criteria and common properties. Table 8 reveals that the optimal material is Aluminum Alloy 5050 in light of environmental criteria and common properties. This is because aluminum alloy is equipped with better comprehensive mechanical properties and higher fatigue strength. Especially, in comparison with high strength steel, aluminum alloy has lower density and more lightweight space, with a result of reducing fuel consumption during using phase and achieving lower GWP and ADP.
V. RESULTS AND ANALYSIS A. RESULTS OF MATERIAL SELECTION AND ANALYSIS ON WEIGHTS
Although the density of magnesium alloy is less than that of aluminum alloy, its high cost and poor forming performance limit its applications in automotive panels. For the stamping process of door outer-panel, better toughness is necessary for utilized materials. Due to good ductility and toughness of aluminum alloy, stamping process can be carried out easily. At the same time, galvanization processing is not required for aluminum alloy to achieve the requirements of door outer-panel owing to its superior anti-corrosion performance. Moreover, processing technology of aluminum alloy is very simple. But for Martensitic Steel AISI410, three high temperature tempering are needed in order to eliminate quenching stress and improving martensitic steel toughness of Martensitic Steel AISI410. Therefore, the process of Martensitic Steel AISI410 is more complex, longer production cycle and higher energy consumption will bring more greenhouse gases and NOx emissions, which will lead to worse environmental evaluation results.
By comparing the weights calculated using IEM, it can be seen that the weight of environmental criteria is greater than that of common properties, which indicates that there exist large differences of environmental effects for door outer-panel with various materials. This further explains the significance of LCA in material selection. Compared with Martensitic Steel AISI410 and Dual-phase Steel 500DP, environmental impacts of door outer-panel with Aluminum Alloy 5050 has decreased by 20.8% and 23.6% in life cycle respectively. Among environmental criteria, ODP is significantly larger than other environmental criteria, accounting for nearly 50%, that is, evaluation results of LCA can be largely enhanced by improving the acquisition processing of 58348 VOLUME 6, 2018 raw material and optimizing the manufacturing process to reduce fluoride emission. It can be seen from the evaluation results of common properties that Cost possesses the largest weight distribution, which indicates that the relative closeness of materials is the most sensitive to Cost. The outstanding presentation in optimizing material selection can be obtained VOLUME 6, 2018 by increasing material recovery, improving smelting process, enhancing manufacturing efficiency and reducing smelting cost. Hardness and yield strength also possess much larger weights, aluminum alloy will have a broader prospect and marketplace by investigating various alloy compositions and heat treatment processes to improve its hardness, elastic modulus, yield strength and fatigue strength.
B. SENSITIVITY ANALYSIS
For the purpose of supervising the robustness of proposed IEM-TOPSIS method and analyze the sensitivity of the ranking results to criteria, sensitivity analysis will be carried out. If the change or error of collected data have little influences on final results, the stability and robustness of the IEM-TOPSIS method can be proved. The sensitivity of final results to evaluation criteria is also analyzed, that is, the results' reaction to attribute weights' variation of evaluation criteria is observed. The corresponding evaluation criteria, which are easier to lead to the variation of ranking results, are determined. That means the determined evaluation criteria to which the final results are more sensitive. In the specific study, based on the procedures of TOPSIS method, the variations of both data and attribute weights will contribute greatly to varying final results. The variation of data can be transformed into the change of attribute weights finally. Subsequently, sensitivity analysis is implemented in the following, a sensitivity analysis consisting of 17 experiments is carried out based on weight changes of each criterion. The experiments from No. 1 to No. 5 are conducted under the condition that weights of common properties remain unchanged and five environmental criteria weights decrease by 25% in turn based on the original weight of the calculation and the weights of other criteria increase on average. Table 8 presents 5 groups of experimental weights for environmental criteria.
The experiments from No.6 to No. 17 are executed on the condition that environmental criteria remain unchanged and 12 criteria weights of common properties decrease by 25% in turn based on the original weight of the calculation and the weights of other criteria increase on average for common properties. Table 9 shows 12 groups of experimental weights for common properties.
Then, 17 groups of experiments are computed using above TOPSIS method, and the ranking of 16 candidate materials are shown in Fig.7 . The ranking of candidates in 11 of the 17 experiments is the same with that of Table 7 . The optimal materials in the 17 groups of experiments are all Aluminum Alloy 5050, which illustrates the stability of the proposed method IEM-TOPSIS and the optimal results are equipped with high accuracy. Meanwhile, ranking of materials is more sensitive to six criteria including GWP, AP, ODP, tensile strength, cost and formability. Noteworthy, the weights distribution of these six criteria should be particularly cautious as subjective weighting method or comprehensive weighting method is adopted. VOLUME 6, 2018 
VI. CONCLUSIONS AND DISCUSSIONS
How to make a comprehensive understanding on the negative effects of automotive parts on environment in entire life cycle and selecting an optimal sustainable material are complex issues to be resolved. This paper puts forward an environment management method-LCA method. A hybrid evaluation approach integrating TOPSIS and IEM is applied to evaluate sustainable material alternatives and obtain the optimal one. Then, automotive door outer-panel with 16 candidates covering metal materials, non-metallic materials and composites, is conducted to illustrate the comprehensive flowchart and this MCDM method. In this process, GaBi software is utilized to calculate environmental equivalents of life cycle. In comparisons with the results of only considering environmental criteria and traditional evaluation criteria, it indicates that LCA is essential for material selection. Hence, the combination of environmental criteria, materials' properties, manufacturing techniques and durability properties are regarded as evaluation criteria to acquire high performance and environmentally friendly material. The final results indicate that the optimal material of automotive door outer panel is Aluminum Alloy 5050. In addition, a sensitivity analysis consisting of 17 experiments is conducted to monitor the sensitivity of ranking results to criteria. The results show that IEM-TOPSIS method has outstanding robustness and the optimal results are equipped with high accuracy. This research is of guiding significance to automotive design.
The future work will focus on the following three aspects. Firstly, material recycling will be taken into consideration in material selection, material recycling is related with circular materials economy. Next work will concentrate on material recovery process and investigate the influences of material recovery rate and recovery cost on material selection. Secondly, research on the performance improvement of aluminum alloy and its applications on vehicle will be discussed. Thirdly, a computer-aided material-selection system will be developed based on proposed comprehensive MCDM model combining TOPSIS and IEM. 
